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The tacticity of monomer sequences can also be
regarded as a factor for classification, e.g. "stereoblock"
copolymers, poly ( (iso) styrene = g = (a) styrene)
and in the case of polymers derived from diolefins -the
inclusion of cis and trans (Z and E) nomenclature for the
arrangement of the geometrical isomers must also be - -
considered. . P

1,2, = COPOLYMER NOMENCLATURE - =

The nomenclature (1,2) used for the classification
of the copolymers outlined above, is exemplified in the
following list:=

Homopolymers

polyethylene
polystyrene -

poly (vinyl acetate)

‘Copolymers - - ' ' o s
Random: poly (butadiene=-co-styrene)
Note: the first monomer of the

pair is the predominant

proportion of the

copolymer composition,
.Alternating: poly (styrene-alt-maleic anhydride)
Block: - poly (styrene-b-methyl methacrylate)
Graft: . poly (ethylene-g-acrylomitrile)

' Note: the first monomer of the
pair forms the backbone:

chain of the copolymer,



Complex examples: ' ’ >
poly (styrene-g-butadiene-co-
styrene)
poly (methyl methacrylate-b-
styrene-co-butadiene)
poly (butadiene-co-styrene-g=-
styrene-co-butadiene)
e.g. The last copolymer listed above represents a random
copolymer with a high proportion of styrene to
butadiene grafted onto a rubber with a low proportion
of atyréne to butadiene,

The prefixes (br) and (c.l) can be used to indicate
branching and cross-linking respectively, and tacticity
can be accommodated using the prefixes (iso) - for
isotacticity, (syndio) - for_ayndiofacticity and (a) = for
atacticity. If the prefix is placed before the "poly"
it can be used to 1ndipate that the feature is present in
all segments, e.g.:(c.l)ﬁpoly (styrene-g-butadiene),
poly (iso) styrene-b-(syndio styrene).

l.3. = TACTICITY OF POLYMERS

The tacticity of a polymer is a further possible
variable in its structure which arises when a carbon atom
of the backbone chain is attached to two different side
groups. The simplest case is vinyl polymers of the form

-JCHz-Cnﬂ)- where alternate carbon atoms are chiral, i.e.
aaymmetr?c centres, as they are attached to four different

atoms or groups. Thus, at such a chiral centre, two

possible configurations exist (3), known as R, the right



handed, and S, the left handed, mirror images of each
other, Polymers which contain a random arrangement of
these two configurations are known as atactic polymers,
whilst those with regular arrangements are tactic polymers.
If there is a continuous repetition of the same type of
configuration (e.g. R) the arrangement is known as
isotactic, whilst alternation of the two types is called

syndiotactic, as illustrated in Figure 1.

SECTION 2 - HISTORICAL BACKGROUND

Natural rubber and cellulose have been processed as
commercial materials since the 19th century but it is
only since the beginning of this century thét the develop=-
ment of most of the contemporary synthetic polymers has
taken place. Several polymers which were merely
laboratory curiosities before 1950 found important
applications during the 1939-1945 war and the demands of
the war effort intensified their development as new
materials. Styrene-butadiene rubbers, polystyrene,
polyethylene, polymethylmethacrylate and polyvinylchloride
were all introduced commercially as new synthetic materials
during the nineteen thirties and forties,

The earliest record of the material we know as
polystyrene occurs around fhe 1840's, when it was
observed by Simon (4) and also Blyth and Hoffman(5).
By 1866 Berthelot (6) had discovered the technique of
.aolution polymerisation and that the reaction was affected

by certain catalytic agents, However, much of the carly
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study of styrene polymerisation was contributed by
the efforts of Ostromislensky (7) between 1910'- 1920,
and also the later work of Staudinger (8). Following
the recognition of polystyrene as a useful synthetic
material, the concentrated effort of many research
workers led to its commercial production and the
subsequent needs and demands of the 1939 - 1945 war
accelerated its development into a very successful commercial
product.
Polyethylene was first observed by Pechmann (9)
in 1898 and subsequently prepared by several methods (10) in
thé 1920's, It was not until the 1930's that commercial
interest was attracte& by the discovery, by Fawcett and
Gibson (11), which involved a high pressure reaction.
Further research led to a patent on the process by Imperial
Chemical Industries Limited (12) in 1937, and by 1942
the Company had a full scale continuous plant in operation,
The next important step forward was some twenty years
later, in the development of low pressure synthesis processes,
The first of these syntheses for.the low pressure
polymerisation of ethylene was discovered by K Ziegler (13)
in 1954. This became the starting point from which many
other olefin polymerisation processes, using a catalyst
precipitated by the reaction of transition metal =alts
and metal alkyls, were developed. It was followed in 1955
by the discovery of an alternative method by the
Phillips Petroleum Company (14) which employs a preformed

transition métal oxide catalyst supported on silica,.



These processes had an important difference from the

high pressure technique, in that the polymer produced was
essentially linear chain material, in contrast to that
produced by the latter, which was highly branched. An

even more significant result is the ability of such
catalysts to regulate the stéréoéhemiatry'of highér'
x-olefin polymers. After the Ziegler discovery, intensive
investigations were carried out by Natta on a wide range

of monomers including propylene, styrene, 4-methylpentene
and but-l-ene (15). The use of this type of catalyst for
steric control of propagation sequences enabled the
synethesis of highly isotactic polymers (16), in particular
the preparation of 1aofadlic polypropylene both in the
laboratory and on a commercial scale., This polymer, in
contrast to its atactic counterpart, proved to be a useful.

and saleable material,

SECTION 3 = O- OLEFTIN ADDITION POLYNERISATIONS.

A vinyl monomer is a substance whose general formula

.15 indicated belowzfl

Rl : R3
\\$C = C ’//’
. N\

where the groups Rl - Rh are cither hydrogen or a substituent.,
In gereral, very few tetra~substituted monomers readily
produce high polymers; however, fluorine atoms are

excoeptional, due to their small size, and materials such



as polytetrafluoroethylene and polychlorotri-
fluoroethylene are useful polymers., Quite a few
compounds in which R1 = Rz = H with two substit-
uents are readily polymerisable and a few of the
type Rl = RJ = H are also easily polymerised. The
" bulk of the compounds of this type which will form
polymers are the monosubstituted ethylenes (Rl = .
R, = R3 = H).‘

The addition polymerisation of a typical «-

unsaturated monomer may be represented simply in

the following equation:-
.n (CH .._c\H) . {LHE }

The mechanism for the reaction is far more complex
than this over-simplified equation indicates, as there
are several possible types of reaction in a vinyl
polymerisation. Nevertheless, in general, all the
types can be considered to have three basic mechanistic
sfepsx-

(1) Initiation

‘ -
X + CH2==CHR — .(—CHa—g



(2) Propagation

R | _‘ R- R
X — Cl,— CH * + cnz_-_-:crm--—b-x-_cnz--cn_-_éna—_éu*

R

o CH———CH

CH* +r(CH2==.—=CHR)

2 2

R R
. x-{-cnz——-cmn—- CH, — CH*

2

(3) Termination

. x-{“CH2+-—5HQHCH§gH*""" inactive polymer chain.
These three steps differ in detail depending upon
the class of initiation involved in-the reaction, .- The
initiator may be one of at least four types, and
determines the character of the active centre,
Thess types are: 1) the free radical centre (17)
2) the cationic centre (18)
'3) the anionic centre (19)
‘l4) the co=ordination catalyst
active centre (20).°
In general terms, the role of the initiator is to start the
growth of a particular chain by becoming part of it. |
Growth is then continued at an active site in which
the initiator no longer plays a part, A catalytic
centre is usually responsible for starting the growth
of ‘many chains and may well participate iﬁ the addition
of each monomer unit:; i.,e. the catdlyat is literally
tlie active site or an integral part of it,
Most mon;;ers are oﬁly readily polymerised by one

or two of the catalyst/initiator types and normally
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this will not beo with equal effoctiveness in-terms of the
scale of reaction and the molecular weight of the polymer.
From a consideration of the steric and electronic

structure of the monomer it is often possible to

estimate its suscoptibility to each type of initiation,
Generally, polymerisation is less likely for sterically ¥
hindered vinyl or diene compounds and enhanced by the
electronic effects of substituents which provide resonance
stablilisation of the active centre, whether it is an ion or
a radical. Table I shows the effect of the various
initiators upon various vinyl monomers., Certain monomers

may be bolymerised by more than one technique if either the
radical and one or both of the lonic type active centres

can be stabilised, e.g. styrene, iso-butylene and N=
vinylcarbazole.

- In addition to a consideration of the initiation

step, it must be remembered that for polymerisation to occur,
the subsequent propagation step must occur much more

readily than any termination process. There are character-
istic termination reactions for the four types of vinyl
polymerisation initiation/propagation mechanisms. The free
radical termination mechanism is either the bringing
together of two radicals, which destroys the growing

centres to give 'dead! polymer molecules, or merely a
transfer of the active centre to some other molecule from the
growing chain to give a 'dead' molecule (see Figure 2).
When the transfer of an active centre takes place, the

radical centre may transfer to an atom of a monomer, solvent,




Susceptability

TABLE T

of various monomers towardc initiator

Monomer

Ethylene

Propylene
Styrene

Vinyl chloride

Acrylonitrile
Methacrylate
Alkylvinylether
Vinyl-hceééfe

Jscbutene

a-mnethylstyrene

technioues.

Polymer

|
CH3

© ~CH o=CH=

-CHz-CHGI— :

CH
éOOCHs
OR

CH 04~

""\J.s-2 l
CCOCH3
CH3 Ch3
<OH =02

2y
CH

Virylidene chloride -CH2-0812-

llethyluethacrylate * -Cﬂz;g:
: 5 COCCHy

Cyclobutehe

CH
-CH—CH=-

) T
'C}.z Chz

Initiator
Radical

Anionic
X -
‘X x
X -
= x
5% x
x -
- p
x -
% X

Cationic

Ziegler-
liatia




Fipure 2

Free Radical Ternination llechanisms

A) Combination of two radicals.
R o~ - . ' R R R
WvA~-CH~CH - A CHy—CH « —AA CH3 CH-CH—CH paran
B), Disproportionation of two radicals.:

WA CHCH® ¢+ svwasAsaaarCH—CH - =—>maCH3CH R
o ‘ ‘ o «+mCH==CHR

' C) Chain transfer.
R

wwWAM-CHyCH: + R'SH —>wwCH; CHR + R'S:
* R
"R'S* + CH,=CH;7R — R'S—CH;CH"

1

Continuing propagation.’

In addition to added transfer agents,in certain
instances monomer,solvent and dead poiymer chains

may act as chain transfer agents.
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dead polymer chain, or an added transfer agent molecule.,

Although this reaction terminates an individual molecular
chain, the kinetic chain growth may continﬁe by reaction

of this new radical with further monomer.

The principal anionic termination reaction is the
abstraction of a relatively acidic hydrogen. Thia results
in the creation of a new anlon but the overall process is
a chain transfer only if this reinitiates further monomer
(See Figure 3). In the abasence of impurities or built-in
transfer and/or termination processes, the 'living' chain
end of an anionic polymerisation has a remarkably long
life~time, allowing for further addition of more or
a1fterent monemers with continuine propasations

The carbonium ion of a cationic mechanism may be
" terminated in one of three ways, via an elimination or
by reaction with an anion, of alternatively it may undergo
a transfer step similar to that found in radical mechanisms,
These reactions are illustrated in' Figure L.

For Ziegler (co-ordination) systems, the termination
processes are less wali defined but individual chain growth
may be terminated by one.of several postulated transfer
reactions of which Figure 54) and 5B) are typical examples.,
The termination of‘the active centre, 1.e. true kinetic
termination, generally arises'from a reaction with.an
acidic compound (sece Figure 5C)). ‘

As Table I illustrates, the rahga of monomers
polymerised by these four types of mechanism is so wide

that it is difficult to adequately summarise the individual
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Anionic Termination Mechanisms.

The presepnce of impurities in an anionic system such as
alcohol molecules causes a termination reaction as. shown
below for the polymerisation of formaldehyde, although
subsequently reinitiation may occur. -

Termination

wAnAArmanCH, 0° ¢ ROH  —5  ARAMAAAANCH,OH + R 0°

Reinitiation

RO® + CHO — RO-CH,0°

Under very vigorous reaction conditions the above
termination reaction may occur as an internal hydride
elimination forming a vinyl end group in a similar
reaction to that shown for cationic polymerisation.



Figure 4

>ationic Termination Mechanisms.

A) Elimination

_CH, CH,
WMWCH;*—-C@ A° —  WAAIAMANCH-C——CH, +HA
CH;,

B) Reaction with an anion

. H .
waaamn CH5C® + CF C00°—>  wwmmarvCH7—CH—0~C-CF;

&

C) Chain transfer

(Normally to monomer but may also be to other transfer
agents. E.g. dead polymer chains.)

CH,
wawanCHFC®  + CH=C(CH;), ' CH;,
H, — AMMAAMAMCH—C==CH,

+ (CH;), €® A®



Figure 5

Ziepler system Termination Mechanisms.

-

. A) Internal hydride transfer.
.R--

Cat—CHz;C~arrraannCHz CHR—CH5—CH;

H o 1
Cat—H CH;=CRwa~rrrrsrrs s CH;—CHR—CH3 CH,

B) Transfer t6 monomer.

(Similar transfer may occur with metal alkyl,or .
alkyl group or with added agents such as hydrogen)

Cat—CHs— CHR waaarssarssarasa CHs— CHR— CH5—CH;

1 | + CH, =CHR
Cat—CH;~CH—R + CHF=CRwaarrassan CH, -CHR—CH, CH;

C) Termination by acidic species,

- Cat—CH3~CHRwarrrsanina CH;~CHR—CH3;—CH; +  HX

l

Cat—X + CHy—CHRwanmamanasasnaenen CHz—CHR—CHz—CH
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techniques by which these various active centres are
generated and the fypical conditions of the ﬁoiymerisatiens.
However; details of theee aépecfe of the various systeme .
may be found in the literature as follows:=-

Free Radical Poiymefisation; Bamfofa éﬁ at (17);‘Catieﬂic
Polymerisation, Plesch (18); Anionic Polymerisation,

Szwarc (19); Ziegler systems, Reich.and Schindler (20j:

-y

SECTION 4.1. = ZTIEGLER CATALYST SYSTEMS

Ethylene and most higher oc~=o0lefins, which require
high temperaturee and pressures for free radical
pelymeriaation, react readily at room temperature and
pressure using Ziegler catalysts, These catalysts are
typically obtained by miting together a metal alkyl or
aryl of Groups I - IV of the Periodic Table with a compound
(generelly the halide) of a traneition metal of Groups
IV - VIII., Thus, there are numerous possible permutations
of catalyst and many have been cifedlin the litereture,
although in generai the most ueefel cembinatiens‘have been
ebtaieed from titaniue or vanadium chlorides and aluminium
trialkyls or dialkylchlorides, These catalysts normally
produce polymer ef a high molecular weight and with a linear,
stereoregular structure which confers enhanced crystalline
properties over fhe material preducedlby a radical mechanism,
Much of the early deveiopment of Ziegler catalxste was by
research workers ie,European ceuntriee where several
industrial plants now exist for the productien of materials
such as high density linear pelyethyleee, leetactic poly=~

propylene, poly~i-methylpent~l-~ene, polybut=l-ene and poly~

S
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butadienes,, The original discovery of this type of.

catalyst is credited to K Ziegler and'hia research school

at the Max Planck Institute, Milhein, However, in earlier

work, M Fischer (21) refers to ethylene polymerisation by

a catalyst mixture of a similar nature (aluminium, aluminium

chloride, and titanium tetrachloride) and several British

and US.patents which stem from the investigations in 1949

of Roedel (22), Pease et al of the Du Pont Company also

cite combinations of this type, Likewise, Herman and

Nelson (23)-report a styrene polymerisation in 1953 using

a catalyst which would now be. considered as a Ziegler system,

In the middle nineteen fifties, after the Ziegler discovery,

intensive work waa.carried out concurrently .by- K Ziegler

and G Natta, the lgtter concentrating on the polymerisation

of higher oc~olefins (24), especially with respect to the

preparation of stereoregular polymers (25). The extensive

research carried out by these workers was recognised.in

1963 with the award of the Nobellprizo in Chemistry Jjointly .

to. K Ziegler and G Natta, Their»aécounta of the development

of the work can be found in their Nobel addresses (26, 27).
A Zicgler catalyst is usually formed by bringing

together in an inert. atmosphere, a transition metal

compound in whicﬁ the trans;tion metal is in a valency

state below.its normal maximum (e.g. titanium (111),

chloride, vanadium (111) chloride) and an organowetallic

compound (e.g. aluminium trietlyl, aluminium diethyl |

chloride), The former is generally though to be a 'true!

catalytic compound., The technique of reduction is
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extremely important, often being the most important single
factor in deciding the activity of the catalyst. The latter
acts principally as an activator, alkylating the catalytic
surface, and also as a scavenger for minor traces of

any cataiyst poisons,

In conventional Ziegler polymerisations, a slurry of
titanium (111) chloride is preformed by reduction using an
aluminium trialkyl or aluminium dialkyl halide fsually
R=ethyl) in a dry, oxygen-free inert hydrocarbon solvent
(e.g. heptane, iso-octane) under a nitrogen atmosphere,

The catalyst efficiency varies with the nature and the
crystal structure of the catalyst particles and therefore
particular care is necessary over the reduction conditions,
and so elaborate techniques have often been developed to
achieve optimum results, VWhen carried out below 7000

such reduction produces the P-—crystal modification of
titanium (111) chloride (28, 29) which, although a very
active oc=-o0lefin polymerisation catalyst,\has the poorest
stereoregulating properties of the four known modifications.
This ibnform of titanium (111) chloride has, also, a crystal
structure considerably different from the three other forms,
consisting of threads of linear macromolecules of titanium
tri-chloride, shown pictorially in Figure 6.

Enhanced isotactic stereospecificity, especially for
propylene, may be conferred on such a catalyst by a heat
treatment cycle, heating the catalyst above 150°C (28, 30,
31), which converts it to the - modification., A further
alternative crystalline modification is oc~titanium (111)

chioridc, which is also capable of this higher degree of



Structural model of the ot-modification of TiCl3;

The X-ray spectrum can be interpreted on the basis
of a layer lattice, which can originate from the
hexagonal close-packing of +the chlorine atoms, in
which the titanium atoms are arranged in layers,
placed at every second layer of the chlorine atoms.
The elementary unit cell of this modifigation has

. constants.of : a=b=6.12A,c=17.50A,Y=120°.

(12=20710)

The erystal structures of the various modifications
of titanium (III) chloride.



Structural model of the P-modification of TiC1,.

The X-ray spectrum can be interpreted on the basis
of -a hexagonal close-packing of the chlorine atoms
yin which the TiCl, molecules are gathered in rows
that are parallel to the three-fold axis.The
coordination of the halogen atoms around the
titanium is still octahedral,but the way in which
the titanium atoms are arranged among themselves
is completely different.The spectrum yields a,
hexagoial unit cell,having constants : a=6.27A ;
C=5.82 °

The crystal struciures of the various modifications
~of titanium (III) chloride.



Distribution of the titanium atoms(small balls);and
of the chlorine atoms in consecutive structural
layers of the unit cell of Y-Ti013.

From the X-ray powder spectrum,the hexagonal unit

cell hag the following constants: asb=6.144; c=17.40A
;s Y=120",and contains six monomeric units TiCl3.

: 1'.b ¢ 5 . j 1 <
. g e
- i |
A
Leyer C a . l. "
/1 f
i "L N
Llﬂ:‘trh ‘/ / 311 [
Fs

LoyerA

Unit cell of Y-TiCl,.The layers,as shown above,repeat
along the c-axis,thus determining a cubic close packing

of the chlorine atoms,
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stereoregulation, This latter variety results from the
reduction of titanium (IV) chloride with hydrogen or
aluminium at high temperatures (32, 33). Finally, a
third form with similar properties is the S- form, which
can be obtained by prolonged grinding of either 0oC- or .
Y= forms (34). All these three forms, oc=, Y - and 1
titanium (III) chloride are purple in colour, whereas the
ﬁ- form has a brown.colour, These.forms of titanium (III)
chloride, which are formed by reduction of titanium (IV)
chloride with an aluminium alkyl reducing agent, are
normally found to be a solid solution of aluminium
chloride (35). This is supportediby observations (34)
that samples of varying aluminium content. have essentially
undetectable differences in X-ray spectral intensities
and that no indications of a superstructure can be found.

. The o=, *{=- and @~ forms of.titanium (III) chloride
all have a :.similar crystal structure. In the oc¢~. . form
it is a cadmium iodide type structure consisting of
hexagonally close packed chloride ion§ with titanium atoms
.distributed in the inferstitial spaces between alternate
layers of chloride ions (see Figure 6). Similar.layer
structures can be found. in the other two modifications,x-
titanium (III) chloride differs from the x- form only in
that the chloride ions are in a cubic close packed array.
The S~ form has a less ordered layer siructure, with a
degree of alternation between the cubic and hexagonal
packing., This may be observed in the X-ray powder spectrum

" which indicates an essentially disordered structure (34) .
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although some characteristics of the = and ‘Y- layer
structures may be found. The similarity of the crystal
structure of the m—,‘Y - and & - forms is reflected in
the results obtained when each 1s used as a component of
a Ziegler catalyst, Although each of them exhibits greater
stereospecificity than the ﬁ- form, it appears to be
achieved at the'expensa of the rate of polymerisation.

All the four types of structure found in titanium (III)
chloride contain octahedrélly co~ordinated titanium ions
and similar layer lattice structures containing octahedrally
co-ordinated metal atoms are found in titanium (II) chloride
(36), and also vandaium and chromium trichlorides, all of
which are active Ziegler catalysts, In contrast, inactive
compounds such as titanium (IV) ;hloride and titanium (IV)
alkoxides contain tetrahedrally co-ordinated titanium
ions, Thus, for stereospecificlpolymerisation, the presence
" of this octahedral configuration in a Ziegler catalyst may
be regarded as being of as great importance as an} specific
valency state. |

In a polymeriaatiun reaction, the titanium catalyst.
is used in conJunction with a cocatalyét, normally either
aluminium trialkyl or dialkyl-chloride. The reaction is
generally carried out in diluent medium (a hydro-carbon,
e.g. heptane, 1so-octane) and the praduct forms as a solution
or a particulate slurry. Figure 7, a typical application of
a Ziegler catalyst ,system, i1llustrates schematically the
steps involved in the.industrial polymerisation of ethylene

by a slurry process, This particular reaction is generally



Figure 7
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carried out-at 0,1 = 1.0 MNm-z (1-10 atmospheres) using

a catalyst suspended in a monomexr solvent chosen to be a
poor solvent for the polymer, which thus forms as a solid
on the catalyst particles, producing a slurry of the
material., The reaction temperature, usually less than 100°C,
( ~ 50-80°C), ensures that polymer solubility remains, low
and in industrial situations the excess solvent and monomer
may be recovered and re-cycled., Before work-up, if the
product contains a high proportion of catalyst, it may be
necessary to deactivate it by treatment with alcohol or
water. In such ases, it may also be necessary to wash out
catalyst residues (de-ash) with acid and water or by steam

stripping, before proceeding with drying. »

SECTION 4.2, - THE MECHANISM OF ZIEGLER CATALYSTS

Many aspects of the mechanism of Ziegler catalysts
have been described as a result of recent investigations,
However, the mechanism of these immensely complicated -
systems, is still not conclusively and fully explained.
Two major groups of theories cxist, those employing a
bimetallic and those ecmploying a monometallic mechanism, ’
In fha bimetallic mechanisms, the presence of two metals
in the catalyst combination is considered to be essential,
In the monometallic mechaniaﬁs,'howaver. only Eno metal
atom (the ‘transition metal) is necessary for polymerisation.
In thg case of bimetallic mechanisms, the propagation step
embloys two metal atoms which may be the same or different

elements, whereas & monometallic mechanism involves growth

about only one metal centre.
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One of the early mechanisms proposed by Natta (37)
in 1960, is a cogent example of-.the bimetallic mechanism
which provides a simple explanation for the creation of
isotactic polymers and is outlined in Figure 8. . More
recently, this type of mechanism has lost favour,
aswkater evidence has not apparently supported it (38).
Aé;increasing amount of the recent evidence and opinion
has favoured the monometallic theofies. Tﬁis type of
mechanism *as proposed as eafly as 1956 by Nenitzescu
(39) and found support from the later experimental
evidence_of Carol and Carrick (40). A more elaborate
medel including a dsacr;ption of the olefin co~ordination
using molecular orbital treatment was developed by
Cossce (41) in 1962) and this still forms the bébkbone
of many current proposals,

The active site in the monometallic mechanisms is
the transition metal atom (e.g.'fi) and a second metal
atom (e.g. Al) is not dire;tly involved. In such cases,
an active gatalysf speciles (e.g. Ti-Et) is formed
by the alkylation of the reduced metal compound (e.g.
titanium (111) chloride) by the second catalyst component
(e.g. aluminium triethyl). This type of mechanism is
. supported by the experimental evidence of several
important polymerisation parameters (e.g. copolfﬁefisation.'
reactivity (40), propagation rate constants (42) in
presence and absence of metal alkyls) which can be related
only to the properties of the transition metal and not to

those of the other metal present,



Fieure 8

The Natta Bimetallic Mechaniswm.
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The active centre proposed in the Cossece (41, 43)
model essentially consists of an octaﬁedrally co=ordinated
transition element, with empty or nearly empty tzg
orbitals, which has in its co-ordination sphere one
alkyl group positioned cis to one vacant position
through a pge - d9¢ (dihapto) bond. The mechanism
shown in Figure 4 will thereby be facilitated as this
co-ordination step also appears to weaken the transition
metal - carbon bond to the alkyl., The mechanism supposes
that the active centre is formed due to the interaction
of a chlorine vacancy on the titanium (III) chloride
surface with an alkyl aluminium. Such vacancies were
proposed by Arlman to exist on the crystal edges to ensure
its electro-neutrality. The result of this reaction is
the replacement of one of the chlorine atoms on a Ti centre
by an alkyl group and fhe retention of a ligand vacancy
(see Figure 9). This generates the active centre, providing
a Ti-C o-bond and the facility for monomer co-ordination
to the Ti. Propagation is due to the adéorption of a
monomer unit, which forms a Ti bond to the Ti centre and is
subsequently inserted into the Ti-C bond via a four membered
ring transition state (Bee Flgure 9). The overall thermo-
dynamic drive for a vinyl polymerisation arises from the
relief of strain in going from the unsaturated sp2 hybrid C-

3

atom configuration, to the saturated sp~ form, but this process
is an activated one and the activation barrier has to be
reduced by a catalyst. Cossce postulates that, as a

result of the availability of the d-orbitals, the alkyl



Firure 9

The Cossee Monometallic lMechanism.
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A) Mechanism for the propagation step as proposed by Cossee.

B) One layer of the crystal structure of oc--’j.‘iCl3 showing
the Ti-alkyl bond and the chlorine vacancy forming the

'active' centre in the surface.

4é | . x3
C) The configuration supposed to be the active centre in
a Zieglér catalyst. ( M= Transition metal ion; R= Alkyl
group( growing polymer chain), X

5 an Anions.)

~ Diagrams illustrating the Cossee Mechanism (T).



Firure 9
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,D) A schematic picture showing the spatial arrangement
. of the relevant orbitals in asz-bond between a
tran51t10n metal and ethylene.

¥ -
a, S ETHMENE -7
Ve Pam P L
r LY LY
!’:”"’ NN v 4 '
’,’ I’ ‘ ,
!I'I d ‘ /\
Ml-:m.-sd o e
:\ P /N N Emvene-r ®
A s
Y
‘}\‘ g l Pl NS 3
[ L
N\ |n£ 4 )
Y%\ af S q
L% o
N\ Ny P T
A T# /
. L ’ / .
\ ¥/
.

E) The molecular orbital energy dlagram for the octahedral
complex R Ti €1, (CyH,).(For reasons of 51agllcity 4s
and 4p orbitals are not taken into account and the Ti-Cl
bond is supposed to be 100% ionic.)
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F) The complete ‘mechanism sequence proposed.by Cossee.

Diagrams illustrating the Cossee Mechanism (II).
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group migratesj using a combina%ion of p and d orbitals

all along its reaction path, which allows it to remain

relatively strong bonded to the active centre and

gives the reaction a low activation energy (see 4-membered

ring transition state, Figure 9). This he describes in

terms of a molecular orbital diagram (see Figure 9).

In the uncomplexed condition, the energy NE ﬁusf be

obtained to weaken the Ti-C bond (i.e. transfer an

electron from the bonding orbital into the metal 3 d orbitals)

and as catalysts may be stored for long periods without

decomposition, /\E is large cnough to maintain the

bond intact in the absence of olefin. However,'when an

olefin is co-ordinated tb the complex, a new energy levél

d(yz) is formed by mixing metal d orbitals and ethylene

antibonding orbitals ("back donation"). This new level is

lower than that of the original metal 3 d orbitals and the

energy ZSEﬂ required to excite an electron is less than

-[ﬁE, therefore more rcadily obtained. This lowering of the

energy gap makes the Ti-C bond more Quscéptibla to homolysis,
It should be noted that in the mechanism proposed by

Cossee the growing chain and the wvacant position change

place during propagation, which would give rise to a

syndiotactic polymer. In order to account for isotactic

polymerisation, Cossec proposed that the alkyl group returned

to its original position before a further monomer unit

was complexed. It was considered that such an alkyl shift

would be aideq by the presence of the d(yz) orbital, similarly

to its migration in the propagatioh step.



21

Subsequent developments of the Cossee mechanism have
questioned the occurrence of the complexation Qtep and the
final migration back step of the vacant position. Boor has
put forward a concept (44) originating with Tennett, that
the mechanism is a cis-four-centre addition without prior
co-ordination. They suggest co-ordination would increase activ-
ation energy as the ground state is more stabilised than the
transifion state, so that a complex formation would lower
' the rate of insertion. The Boor model postulafes a highly
polarisable metal-carbon bond, and the driving force of the
mechanism is transfer of an electron around the four centre
system (see Figure 10). This achieves a thermodynamically
favourable cbnversion of the unsaturated C=C bond into a
saturated one whilst retaining the metal-carbon " -bond.

In place of the Cossee complexation step, this mechanism
only rcquires the approach of the olefin to the active centre
and the lengthening of the M-C bond by polarisation
resulting in a direct insertion of the olefin into that bond.
The advantage of this model is that the position of the
ligands around the Tl centre remains éhe same, which
eliminates the requirement for the final vacant position
migration step of the Cossee mechanism in order to achleve
isotacticity. This model also has the advantage of
accommodating a number of catalysts with dh and d5 clectronic
systems which have been found to polymerise ethylene and

3

propylene, and which violate the do and ¢~ requirements of the

original Cossee model,



Figure 10

R
|' Cl cHX
Cl— I}
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The Boor expression of the Cossee mechanism for Ziegler
catalysis.

Obligue view of two Tia 0124 units separated by Alz 016.

The Buls and Higgins concept of an eight Titanium atom cctive
' centre moiety.
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Recent proposals by Buls aﬁd Higgins (45) modify
the Cossee mechanism by considering that the process is
not a surface bhenomeﬁon but that the whole Ti content of
the activated catalyst is actively involved. Using their
experimental data from the TiCiB/AlEtzcl system, they
conclude the basic structure in the unactivated catalyst
is a T18 0124 molecule containing A12 016 present in
solid solution. They postulate that the eight Ti atoms
are arranged in alplanar'p-xyiene like skeleton (see
Figure 10), giving an ove;all structure with regularly
spaced cavities into which monomer and alkyl may diffuse.
The cocatalyst addition causes alkylation of the exposed
titanium atoms producinglactive centres each with two
vacant ligand positions but otherwisﬁ similar to those
proposed by Cossee. The configuration of these wvacancies
within the alkylated T180124 unit is such that they are
mirror images of each other and a co-ordination/insertion
process as already outlined by Cossee, results in
isotacticity. Although the mechanism provides a plausible
explanation in the context of the studied system, it is
difficult to accept generally as it appears contrary to much
photographic evidence supporting crystal edge and defect
polymer growth,.

Theoretical investigations have attempted to describe
in greater detail the tentative orbital sequences proposed
for the active titanium site. The essentially qualitative
scheme constructed by Cossee has been recently discussed

quantitatively in -terms of the electronic structures and
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energy levels of the intermediate complexes by Armstrong,
Perkins and Steward (46). They do not find it necessary to
postulate that a vacancy exists on the titanium at some
point but rather that the complex in which an alkyl group
lies between two octahedral sites has the lower enorgy and
a mechanism in which an incoming ethylene displaces this

on co~ordination is shown to be possible,

SECTION L4.3. - MAGNESIUM REDUCED CATALYSTS

The Ziegler catalyst used in the present work is a
preformed titanium (111) chloride . prepared bylalkyl
magnesium reduction and activated using an aluminium
trialkyl. The technique for preparing the catalyst was
originally developed by Shell Research Company Limited
(47,48) but the modified technique (49,49A) adopted in our
earlier ethflene polymerisations was used throughout the
present work, This system has also been found to be active
in the polymerisation of propylene (50) and investigations
into its use with this monomer are currently being carried
out, - Duck, et al (51) have also investigated a similar
Ziegler catalyst for the polymerisation of ethylene and
propylene. In their case the titanium (111) chloride was
prepared by the reduction of titanium IV chloride with a
magnesiumlalkyl chloride carried out by ball milling in the
presence or absence of a support,

A ilice component system, titanium IV chloride, an

~aluminium alkyl and diphenylmagnesium has been studied by
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Radenkov et al (52). In this system, the highest yields
were obtained when the diphenyl magnesium was added as the
final catalyst component, At atmospheric pressure, the
polymerisation of ethylene proceeded at a constant rate
of ~~~ 250 g CyH,/g TiCl)/min for a long period, when
carried out at 6 Kg/c::m2 pressure very high rates were

produced but these died rapidly after a few minutes, then

'tended towards zero rate.



CIIAPTER 2

GRAFTED BLOCK COPOLYMER EXPERIMENTS

SECTION 1 - INTRODUCTION

Previous work using a magnesium reduced catalyst- for
the polymerisation ofhethylene.(QB,h9) demonstrated that
it was extremely active, capable of producing in excess of
fifty kilogrammes of pdlymer per-grammé of TiClj;let was
therefore proposed to use this catal?éilto pfepare graft co=-
polymer materials by the synthesis of suitable polymeric
cocatalysts for use in the subsequent Ziegler catalysed
olefin polymerisation. There is currently evidence (43,
53,54) to show that an alkyl group present in the organo-
metallic compound used as a cocatalyst in a Ziegler system
is normally incorporated as the first unit of the growing
polymer chain., If this alkyl gr&up can be replaced by a
polymer chain whilst still retaining the initiating
properties of the compound,-the'technique may be used as
‘a general synthetic route to block copolymers.

1.1. = TIIEORETICAL CONSTIDLRATIONS'

A general schémo for the ‘preparation of an actife
Ziegler catalyst usiné titanium trichloride and its use for
an olefin polyﬁerisation is shown in Figure 11. In order to
produce copolymers by such a system it was necessary to
introduce segments of another macromolecular species into
the scheme, This appears poésible at twvo points:

A) At the catalyst activation stage; by.aubstitution of a
preformed macromolecular chain. P into the metal alkyl
cocatalyst M., to produce a specics MDRN_lP. Theoretically

BN
this would yield polymers with R and with P end groups



Figure 11

MB RH -+ Ti CI3 :
1 (Where Mg Ry can be Al (Csz);,,

AlEt,Cl,ZnEt,,Li Bu)
“Active Ziegler Catalyst”
+R'CH—CH,

~ Propagates growling polymer chain.
RR'CH— CH,—Cat
.+R'le=CH2

produces
" RR'CH—CH,—R"CH-—CH,—Cat
+R"C|H CH
repeateyd many t¥mes.
Olefinic Polymer.

RR CH—CH;{RCAH—-CHZ};

A general scheme for the preparaticn of active Ziegler

catalysts using titaniux trichloride




26

(e.g. homopolymer of the form:

as in the Figure 11 scheme and also copolymer of the form:

At the chain propagation stage by the substitution of
alternative «-olefins. This may be accomplished by

either of two techniques: . ‘ a

1) Firstly ;hetn-olefin may be‘more than one type of
monomer, this can be achieved by using mixed monomer
feeds producing random copolymers or by sequential
feeding of alternate monomers which is said to produce

a more 'blocky! type of arrangement within the

copolymer. (e.g. As for Figure 11 but where

giving copolymers of the types:
a) -R//CH-CHZ-R/CH-CH2-R//CH-CH2-R//CH-CHz-R//CH-CHZ-R/

/
Cli-CH,~R’ CH-CH,,-

Random copolymers.
b) -R/CH-CH,,-R/ CH—CH2 R R/CH-CIIz—R//CH—Cﬂz-R‘//

CH-C;{Z-R/ / CHOH,, wwinsia r// CH-CH,,=
Block copolymer,
Both these particular schemes have alréady been well
studied for wvarious catalyst systéms. The former

technique has found a limited commercial application

as a method for the modification of the physical










































































































































































































































































































































































































































































































































